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STEAROYL-CoA DESATURASE (SCD) is an endoplasmic reticulum (ER) enzyme that catalyzes the biosynthesis of monounsaturated fatty acids (MUFAs) from saturated fatty acids that are either synthesized de novo or derived from the diet. SCD in conjunction with NADH, the flavoprotein cytochrome b 5 reductase, and the electron acceptor cytochrome b 5 as well as molecular oxygen introduces a single double bond in a spectrum of methylene-interrupted fatty acyl-CoA substrates. The preferred substrates are palmitoyl-and stearoyl-CoA, which are then converted into palmitoleoyl-and oleoyl-CoA, respectively (15, 41) . These products are the most abundant MUFAs and serve as substrates for the synthesis of various kinds of lipids, including phospholipids, triglycerides (TG), cholesteryl esters, wax esters, and alkyldiacylglycerols. Apart from being the components of lipids, MUFAs have also been implicated to serve as mediators in signal transduction and cellular differentiation, including neuronal differentiation (5, 57) . Recently, oleate has been shown to regulate food intake in the brain (43) , and MUFAs may also influence apoptosis and mutagenesis in some tumors (19) . Thus, given the multiple roles of MUFAs, variation in stearoyl-CoA desaturase activity in mammals would be expected to affect a variety of key physiological variables, including cellular differentiation, insulin sensitivity, metabolic rate, adiposity, atherosclerosis, cancer, and obesity.
Biochemistry of Stearoyl-CoA Desaturases
In mammals, the SCD reaction is an aerobic process requiring molecular oxygen, NAD(P)-cytochrome b5 reductase, and the electron acceptor cytochrome b5. The electrons flow from NAD(P)H via cytochrome b5 reductase, to cytochrome b5, to SCD, and finally to O 2 , which is reduced to H 2 O. The enzyme complex introduces a single double bond at the ⌬9,10 postion of long-chain acyl-CoAs ( Fig. 1) either from de novo synthesis or from the diet. Based on kinetic isotope data of the plant desaturase, the current hypothesis for the desaturation reaction is that the enzyme removes hydrogen atoms starting with that at the C-9 position, followed by the removal of the second hydrogen atom from the C-10 position (3, 39) . This stepwise mechanism is highly specific for the position at which the double bond is introduced, implying that the C-9 and C-10 bond is accurately positioned with respect to the diiron center of the enzyme (6) .
SCD-1 contains four transmembrane domains with both the NH 2 and COOH termini oriented toward the cytosol. The single cytoplasmic loop and the COOH terminus contain the eight histidine (His) residues known to form the His box, which binds iron within the catalytic center of the desaturase (Fig. 2) . The two ER luminal loops are relatively small compared with the cytosolic loop, which houses two of the three conserved His motifs.
Purified SCD-1 migrates as a 37-kDa band on SDS-PAGE with the His segments located at positions 119, 156, and 296. These regions are expected to be necessary to provide ligands for nonheme iron within the catalytic site of the enzyme.
Unlike cytochrome b5 or cytochrome b5 reductase, SCD-1 is rapidly degraded in microsomes. The NH 2 -terminal 33 amino acids are sufficient to induce rapid degradation when fused to a green fluorescent protein chimera, whereas 27-358 linked to green fluorescent protein demonstrated increased stability within the ER (38) . In addition to rapid protein turnover, SCD-1 gene expression is regulated by several dietary, hormonal, and environmental factors. Upon refeeding a highcarbohydrate meal, SCD-1 gene expression is rapidly induced Յ40-fold over fasting. Much of the induction is thought to be due to insulin-mediated increases in sterol regulatory elementbinding protein (SREBP)-1c activation and subsequent activation of the SCD-1 gene promoter.
SCD Isoforms
The genes for SCD have been cloned from different species, including yeast, Drosophila, C. elegans, sheep, hamster, rat, mice, and human (22, 28, 40, 53) . In the mouse, four isoforms (SCD-1, SCD-2, SCD-3, and SCD-4) have been identified, whereas in the rat, two isoforms have been characterized. In many different mouse strains, all of the SCD genes are localized in close proximity on chromosome 19 and code for a transcript of ϳ4.9 kb. Humans express two ␦-9 desaturase genes designated SCD-1 and SCD-5, with the former exhibiting nearly ubiquitous expression and the latter being restricted primarily to the brain and pancreas. The SCD-1 gene is located on chromosome 10 and spans 24 kb with six exons. Chromosome 17 contains a transcriptionally inactive SCD-1 psuedogene. SCD-5 is located at 4q21.1 and spans 169 kb with five exons and was initially identified during a genetic screen for familial cleft lip. Although the mouse isoforms share 85-88% identity at their amino acid sequence, their 5Ј-flanking regions differ somewhat, resulting in divergent tissue-specific gene expression (41) . Under normal dietary conditions, SCD-1 mRNA is highly expressed in white adipose tissue, brown adipose tissue, meibomium gland, Harderian gland, and prepeutial gland, and SCD-1 expression is dramatically induced in liver tissue and heart in response to high-carbohydrate diet (33, 35, 37) . SCD-2 is expressed predominantly in brain and is developmentally induced during the neonatal myelinating period (30) . Similarly to SCD-1, SCD-2 mRNA is expressed to a lesser extent in kidney, spleen, heart, and lung, where it is induced in response to a high-carbohydrate diet. In addition, SCD-2 expression has been reported to be required for 3T3-L1 preadipocyte differentiation (10) . In some tissues, such as the adipose and eyelid, both SCD-1 and SCD-2 genes are expressed, whereas in the skin, Harderian and preputial glands SCD-1, SCD-2, and SCD-3 gene isoforms are expressed. SCD-4 is expressed mainly in the heart, where it is induced by high-carbohydrate feeding and liver X receptor (LXR)␣ agonists but not repressed by polyunsaturated fatty acids (34) . In skin, SCD-1 expression is restricted to the undifferentiated sebocytes, whereas SCD-3 is expressed mainly in the differentiated sebocytes and SCD-2 is expressed in hair follicles. Expression of mouse SCD-4 in the heart and the human SCD-1 gene both give rise to two mRNA transcripts of 3.9 and 5.2 and of 3.4 and 2.8 kb, respectively, which arise as a consequence of the two polyadenlyation signals, indicating that the two differently expressed transcripts encode the same SCD polypeptide (34) . The function of the polyadenylation is not known but could be, in addition to the transcriptional control, a means by which the two transcripts differ in stability or translatability, thus allowing for rapid and efficient changes in cellular environment. The reason for having two or more SCD isoforms in the same tissue is not known but seems to be related to the substrate specificity of the isomers and their regulation by hormonal and dietary factors through tissue-specific expression.
SCD Gene Expression
The promoter of SCD-1 contains several putative transcription factor binding sites that either positively or negatively regulate SCD-1 gene transcription. Although SCD-1 expression is high in white and brown adipose tissue on a chow diet in mice, its level in liver, heart, and skeletal muscle increases dramatically with a high-carbohydrate diet. Additionally, highsaturated as well as monounsaturated-fat diets can increase SCD-1 expression, although not to the extent of the lipogenic effect of a high-carbohydrate diet (58) .
SREBP-1c. SCD-1 expression is induced by nuclear SREBP-1 via the SRE element in its promoter. There are two isoforms of SREBP-1 (SREBP-1a and -1c); SREBP-1a and -1c arise through alternative splicing of a single gene, and both are involved in the regulation of genes of fatty acid biosynthesis, whereas SREBP-2 seems to be involved more in cholesterol homeostasis. SREBPs are synthesized as immature 125-kDa ER membrane-associated proteins with two membrane-spanning domains. The COOH terminus binds to SREBP cleavageactivating protein (SCAP), and in sterol-depleted cells the SREBP-SCAP complex is then transported to the golgi membrane (3a) . Once inside the golgi, site 1 and site 2 proteases sequentially cleave SREBP at two sites, thereby releasing and activating the 65-kDa mature basic helix-loop-helix transcription factor. Mature SREBP then translocates to the nucleus, where it activates transcription of target genes including fatty acid synthase and SCD-1 as well as several others, including SREBP-1 itself. However, in mice with a targeted disruption of SCD-1, there is a failure to process SREBP-1c. In fact, these mice fail to induce lipogenesis when on a high-fructose diet, and although oleate supplementation can partially restore SREBP-1c activation, lipogenesis remains suppressed relative to wild-type mice (31).
LXRs. LXRs (LXR␣ and LXR␤) belong to the nuclear hormone receptor superfamily and form heterodimers with selected ligands, such as oxysterols. Upon binding with ligand, the complex activates transcription of target genes involved in reverse cholesterol transport. One such target of LXR activation is SCD-1, and treatment with the synthetic LXR ligand T0901317 has been shown to increase SCD-1 gene expression in mouse liver and human aortic endothelial cells by Ͼ10-and 3.5-fold, respectively (11, 48) . The induction of SCD-1 by T0901317 increased TG secretion in WT 129S6/SvEv mice but failed to induce an increase in plasma TG in SCD-1 Ϫ/Ϫ mice despite the fact that both hepatic TG content and plasma cholesterol were elevated (24) . In aortic endothelial cells, LXR␤ activation increased SCD-1 mRNA and protein expression, which served to protect the cells from saturated fatty acid-induced lipotoxicity. Thus, alone (11) or in conjunction with SREBP-1c, LXR activation promotes the activation of SCD-1 expression among a wide range of tissues.
Peroxisome proliferator-activated receptors. Peroxisome proliferator-activated receptors (PPARs) are another class of nuclear receptor transcription factors that interact with LXR and retinoid X receptors. There are three isoforms, PPAR␣ expressed in liver, kidney, heart, muscle, and adipose tissue, where it is responsible for inducing lipid catabolic genes. The normal refeeding response after fasting induces SCD-1 gene expression and activity within 12-24 h. However, in mice with a targeted deletion of PPAR␣, the ability to increase SCD-1 expression was completely attenuated, with only a modest increase in activity at 12 h. This effect was not due to changes in the intrinsic LXR activity but was likely attributable to a loss of LXR/PPAR␣ dimerization (20) , which has been demonstrated previously (58) . Next, PPAR␤/␦ is ubiquitously expressed and regulates the expression of genes involved in ␤-oxidation. The synthetic PPAR␤/␦ agonist GW0742 significantly blunted the expression of SCD-1 and other lipogenic target genes in vitro (49) . Finally, PPAR␥ is involved in adipocyte differentiation and regulates genes involved in lipid storage. Genetic deletion of both PPAR␥ alleles causes embryonic lethality; fortunately, the haploinsufficiency associated with heterozygous deletion increases insulin sensitivity and reduces high-fat diet-induced obesity (24, 29) . The class of antidiabetic drugs known as thiazolidinediones (TZDs) acts as a synthetic ligand for PPAR␥. Three major forms of TZDs are troglitazone, rosiglitazone, and pioglitazone, and all three activate PPAR␥-mediated gene expression. SCD-1 is a target of PPAR␥; however, unlike rosiglitazone and pioglitazone, troglitazone actually represses both SCD-1 gene and protein expression (23) . It is unclear how the three TZDs are able to exert their differential effects on SCD-1 expression; however, it may be due to differences in tissue isoform expression (i.e., PPAR␥1 vs. PPAR␥2 vs. PPAR␥3), the potency of the ligand, or differences in conformational arrangement of the different TZD ligands and PPAR isoforms.
Estrogen receptor. The estrogen receptor is another class of nuclear hormone receptors that exists in two forms, estrogen receptor-␣ and estrogen receptor-␤. When bound by ligand, they form either ␣␣ or ␤␤ homodimers or ␣␤ heterodimers to regulate transcription of a wide array of genes, including those involved in lipid metabolism. In ovariectomized rats, in which the ligand 17␤-estradiol is absent, or estrogen receptor knockout mice, there is a profound increase in lipogenic gene expres-sion in liver and adipose tissue. Under these conditions, SCD-1 expression has been shown to increase more than fivefold, with concomitant increases in adiposity and insulin resistance (7, 46) . Until recently, the underlying mechanism by which estrogen reduced lipogenesis was unknown; however, Bryzgalova et al. (8) were able to demonstrate direct repression of SCD-1 promoter activity in the presence of estrogen. In addition, they were also able to demonstrate the ability of estrogen therapy in high-fat-fed mice to repress SCD-1 expression by ϳ80%. However, it remains unresolved whether this is a direct effect of estrogen receptor-␣ binding to SCD-1 promoter or whether an indirect partner is involved.
Role of SCD-1 in Regulation of Lipid Biosynthesis
Endogenous expression of SCD-1 and its subsequent synthesis of oleate is now widely believed to be required for normal physiological function despite the fact that mammalian diets supply abundant levels of oleate. Using the asebia mouse strains (ab j and ab 2j ) that have a naturally occurring mutation in SCD-1 (54) as well as a mouse model with a targeted disruption of SCD-1, our laboratory showed that SCD-1 Ϫ/Ϫ mice are deficient in TG, cholesterol esters, wax esters, and alkyldiacylglycerols (37, 42) . The levels of palmitoleate (16:1) and oleate (18:1) are reduced in the plasma and tissue lipid fractions of SCD-1 Ϫ/Ϫ mice, whereas palmitate and stearate are increased. These changes are correlated with a decrease in desaturation index (18:1/18:0 or 16:1/16:0 ratio) in liver tissue and plasma.
Normally, a high-carbohydrate diet fed to mice or rats induces the expression of the hepatic SCD-1 gene and other lipogenic genes through the insulin-mediated SREBP-1c-dependent mechanism. Activation of SREBP-1c results in an increased synthesis of MUFAs and hepatic TG. One of our recent observations is that SCD-1 Ϫ/Ϫ mice on a very low-fat high-carbohydrate diet (VLF) fail to process SREBP1c precursor into the mature, nuclear form. As a result, these mice fail to increase de novo lipogenesis yet are able to accumulate hepatic TG and cholesterol esters (16) . Despite their improvement in plasma lipid levels, apoB clearance is diminished in SCD-1 Ϫ/Ϫ mice on a VLF diet. The resultant increase in LDL retention and subsequent hypercholesterolemia lead to the appearance of lipoprotein X and cholestasis (16) . However, supplementation of the VLF diet with canola oil was sufficient to restore normal lipoprotein profile. Thus, the reversal of the cholesterol phenotype after MUFA supplementation indicates the necessity of SCD-1 activity in regulating sufficient clearance of circulating lipoproteins. Finally, supplementation of the VLF diet with high levels of triolein or tripalmitolein can normalize cholesterol ester levels, but the triglyceride levels cannot be returned to the levels found in the wild-type mouse.
In addition, SCD-1 Ϫ/Ϫ mice have very low levels of triglycerides in the very low-density lipoprotein (VLDL) and LDL fractions compared with their wild-type counterparts. Furthermore, the rate of VLDL-TG secretion, as measured by inhibition of VLDL clearance using Triton, was dramatically reduced in SCD-1 Ϫ/Ϫ mice (11); however, transient transfections of an SCD-1 expression vector into Chinese hamster ovary cells result in increased SCD-1 activity and esterification of cholesterol to cholesterol esters (36) . These observations reveal that endogenously synthesized MUFAs by SCD most likely serve as the main substrates for the synthesis of hepatic TG and cholesterol esters. The enzymes involved in the de novo synthesis of TG and cholesterol ester, including SCD, acylCoA:cholesterol acyltransferase (ACAT), diacylglycerol acyltransferase (DGAT), and microsomal glycerol phosphate acyltransferase (GPAT), are located in the ER membrane. A possible physiological explanation for the requirement of SCD expression in the synthesis of the TG and cholesterol esters is the production of more easily accessible MUFAs within the vicinity of ACAT, DGAT, and microsomal GPAT. In fact, SCD-1 was shown to colocalize with DGAT2 in the ER (25) . These enzymes probably exist in a complex promoting substrate channeling and fuel partitioning into various metabolic pathways (Fig. 3) . Another possibility is that the MUFAs are incorporated into the TG, but they are immediately hydrolyzed and the fatty acids oxidized.
The human SCD-1 gene structure and tissue-specific regulation is very similar to that of mouse SCD-1. Overexpression of SCD-1 in humans may be involved in the etiology of hypertriglyceridemia (HTG), atherosclerosis, and diabetes. Although there is strong evidence that many of these syndromes are heritable, the genetics of these disorders are not well understood. Recently, however, SCD-1 activity (e.g., desaturation index) was associated with familial combined hyperlipidemia. There was such a strong correlation among pedigrees that heritability was estimated at ϳ48% (27) . However, it is likely that HTG is a complex trait and that multiple genes influence the expression of the phenotype. In addition, the penetrance of HTG is affected by diet, insulin sensitivity, and obesity, which may mask heritability estimates.
The SCD-1 Ϫ/Ϫ mouse as well as the asebia mutant mice show cutaneous abnormalities with atrophic sebaceous glands and narrow eye fissure with atrophic meibomian glands, suggesting an important role of MUFAs in skin homeostasis (37) . Sebaceous glands are embedded in the skin over most of the body and are more concentrated in the scalp, face, forehead, and eyes. In the absence of sebaceous glands, mice have patchy, abnormal skin and abnormal corneas. It is known that the major function of sebaceous gland and meibomian gland is to secrete lipid complex lubricants, termed sebum and mebum, respectively. They contain, respectively, wax esters, TG, and cholesterol esters. These fluids prevent the evaporation of moisture from the skin and the eyeball. The skin and the eyelid of SCD-1 Ϫ/Ϫ mice are deficient in TG, cholesterol esters, and wax esters. However, the level of cholesterol is increased (37) . Thus, under the conditions of high cellular cholesterol, SCD-1 gene expression would indirectly protect the cell from the harmful effects of free cholesterol by providing MUFAs for the conversion into cholesterol ester by ACAT for storage. In addition, the presence of normal levels of MUFAs would maintain a more appropriate ratio of cholesterol to other lipids and maintain cell membrane integrity (59) . Because excess free cholesterol has been known to lead to cell death, it is tempting to speculate that atrophy of the sebaceous and meibomian glands observed in the SCD-1 Ϫ/Ϫ mouse may be due to an increase in the amount of cellular free cholesterol in these glands rather than the reduced levels of sebum and meibum. However, it should be noted that glycerol, but not TG, was effective in restoring stratum corneum function in asebia mice (17) .
The studies of SCD gene expression in the mouse Harderian gland revealed the role of SCD in the biosynthesis of another class of lipids, the alkyl-2,3-diacylglycerol (35) . The Harderian gland that was first described by Johann J. Harder toward the end of 17th century is located in the orbit of the eye (47) . The major products from the gland vary between the different species of mammals. In rodents, the gland synthesizes lipids, indoles, and porphyrins, which are secreted by an exocytotic mechanism. The major lipid synthesized by the mouse Harderian gland is 1-alkyl-2,3-diacylglycerol (ADG). ADG is a lubricant of the eyeball and is crucial in facilitating the movement of the eyelid along with mebum from the meibomian gland. In our recent study, SCD-1 Ϫ/Ϫ mice exhibited a deficiency in ADG and n-9 eicosenate (20:1n-9), which is the main MUFA of ADG. It was found that 20:1n-9 is an elongation product of 18:1n-9. The feeding of diets with high levels of oleate or eicosenate did not result in an increase of 20:1n-9 and failed to restore the deficiency in ADG. Therefore, endogenously synthesized oleate by SCD-1 as was observed for synthesis of TG in liver is essential for the biosynthesis of ADG and eicosenate in the mouse Harderian gland. The reasons for incorporating specific very long-chain MUFAs in the ADG of the mouse Harderian gland are not clear, but it is possible that they are required to maintain the correct physical properties of the fluids for normal eye function. There were very low levels of n-3 and n-6 polyunsaturated fatty acids in the Harderian gland, indicating that the lipids of this gland are composed mainly of saturated fatty acids and MUFAs of the n-9 series. C18:1 is a major component of the Harderian gland membranes, and a decrease in the level of C18:1 would reduce membrane fluidity of the gland. Consistent with this observation, the Harderian gland isolated from SCD-1 Ϫ/Ϫ mice was very rigid, which may be due to decreased membrane fluidity. Therefore, the Harderian gland could be a useful model in studying the metabolism of MUFAs of the n-9 series and the roles they play in physiological processes. Humans do not have the Harderian gland, but because this structure is part of the retinal axis in mice, it is likely that this tissue has similar functions in the human retina. Consistent with this stipulation, high SCD expression has been reported in human retinal pigment epithelial cells (52) , and its expression may play an important role in the pathophysiology of these cells.
Role of SCD-1 in Regulation of Fatty Acid Oxidation
Due to the impairment in acyl-CoA desaturation in SCD-1 Ϫ/Ϫ mice, investigators sought to determine whether whole animal energy homeostasis was altered and whether dietary MUFAs would ameliorate the deficiency in desaturation. Although the growth curves of male SCD-1 Ϫ/Ϫ mice were similar to that of the wild-type sibs on chow diet, a high-fat diet revealed large differences in weight gain in both males and females. On average, SCD-1 Ϫ/Ϫ mice consumed 10 -15% more food than wild-type mice, although they were leaner and accumulated less fat in their adipose tissue. The epididymal fat pad mass was markedly reduced in male SCD-1 Ϫ/Ϫ vs. wildtype mice on a chow diet and a high-fat diet. Decreases in fat pads weights were observed in subcutaneous, mesenteric, and retroperitoneal on both chow and high-fat diets. The livers of the wild-type and SCD-1 Ϫ/Ϫ mice were grossly normal and of similar mass on a chow diet. However, on a high-fat diet the livers of the wild-type were lighter in color than knockout mice, suggesting steatosis. Masses of white adipose depots in SCD-1 Ϫ/Ϫ mice were universally decreased compared with wild type, regardless of diet. Thus, SCD-1 Ϫ/Ϫ mice were resistant to diet-induced weight gain and fat accumulation despite increased food intake (42) . Plasma leptin was measured to determine whether changes in levels of plasma leptin could account for the protection from weight gain, increased energy expenditure, and insulin sensitivity in SCD-1 Ϫ/Ϫ mice. Plasma leptin was significantly reduced in SCD-1 Ϫ/Ϫ mice relative to the wild-type controls. Thus, the protection from adiposity is present despite lower leptin levels in SCD-1 Ϫ/Ϫ mice. The reduction in plasma lipids among SCD-1-deficient mice is mediated in large part through increased ␤-oxidation. Carnitine palmitoyl-transferase I (CPT I) is the enzyme responsible for transporting activated fatty acids (fatty acyl-CoA) from the cytosol into the mitochondria, and it is a major site of regulation in the ␤-oxidation pathway (21) . SCD-1 Ϫ/Ϫ mice have increased gene and protein expression of CPT I in skeletal muscle and liver as well as increased CPT I activity (13, 14) . CPT I catalyzes the transfer of the thiol ester (CO-S) bond of the acyl-coenzyme-A (CoA-SH) to carnitine, which allows the fatty acyl-carnitine to cross the innermitochondrial membrane. Once inside the mitochondria, CPT II catalyzes the transfer of the thiol ester bond of the fatty acyl-carnitine to CoA-SH, thereby reforming the activated acyl-CoA inside the mitochondrial matrix (21) . Because this process increases the flux of fatty acids into the ␤-oxidation pathway, it is a significant contributor to the clearance of plasma lipids.
Indirect calorimetry was used to investigate whether the resistance to weight gain was due to increased energy expenditure. SCD-1 Ϫ/Ϫ mice exhibited consistently higher rates of oxygen consumption (higher metabolic rates) than their wildtype littermates throughout the light and dark cycles. It was hypothesized that the increased energy expenditure in SCD-1 Ϫ/Ϫ mice was due to increased lipid catabolism. Although ketone bodies were undetectable in plasma from either strain during postprandial conditions, ␤-hydroxybutyrate levels were consistently much higher in knockout mice following a 4-h fast, indicating a higher rate of ␤-oxidation in SCD-1 Ϫ/Ϫ mice. DNA microarrays were employed to identify genes whose expression was altered in the liver of SCD-1 Ϫ/Ϫ mice. Two hundred mRNAs that were significantly different between the livers of SCD-1 Ϫ/Ϫ and wild-type mice were identified. Lipid oxidation genes such as acyl-CoA oxidase (ACO), very long-chain acyl-CoA dehydrogenase (VLCAD), CPT I, and fasting-induced adipocyte factor (FIAF) were upregulated, whereas lipid synthesis genes such as SREBP-1, FAS, and mitochondrial GPAT were downregulated, in SCD-1 Ϫ/Ϫ mice (42) . SREBP-1c is the main SREBP-1 isoform expressed in liver and regulates the expression of lipogenic genes. Insulin levels, dietary carbohydrate, fatty acids, and cholesterol regulate the SREBP-1 gene expression and protein maturation. Thus, the downregulation of SREBP-1 gene expression in SCD-1 Ϫ/Ϫ mice could have numerous effects on various metabolic pathways regulated by SREBP-1. For instance, the induction of SREBP-1 by insulin greatly enhances the synthesis and secretion of TG by the liver. However, in the SCD-1 Ϫ/Ϫ mouse, carbohydrate feeding fails to induce SREBP-1 and lipogenic gene expression to the same level found in wild-type mice (4) . The signals generated in SCD-1 Ϫ/Ϫ mice that lead to reduced lipogenesis are currently being studied.
CPT, ACO, VLCAD, and FIAF are known targets of PPAR␣ (47) and contain PPAR␣ response regions in their promoters (47) . Since PPAR␣ mRNA level is unchanged, the upregulation of enzymes of fatty acid ␤-oxidation in the SCD-1 Ϫ/Ϫ mice must be downstream of PPAR␣ transcription.
Thus, the characteristics exhibited by the SCD-1 Ϫ/Ϫ mice are consistent with presence of a PPAR␣ activator with reduced activity in wild-type mice. The SCD-1 Ϫ/Ϫ mice exhibit an increase in the contents of saturated fatty acids (C16:0 and C18:0; Fig. 4) , whereas the contents of the polyunsaturated fatty acids of the n-6 and n-3 are not changed. Changes in the levels of saturated fats may indirectly stimulate the burning of fat by mitochondria. The other possible mechanism is that SCD-1 deficiency leads to an alteration in the levels of lipid metabolites that activate the PPAR␣. However, when the SCD-1 Ϫ/Ϫ mice were crossed with the PPAR␣-null mice to generate a double-knockout mouse (SCD-1 Ϫ/Ϫ /PPAR␣ Ϫ/Ϫ ), the fatty acid ␤-oxidation genes remained elaveted, suggesting that the activation of these genes in the SCD-1 Ϫ/Ϫ mice is independent of PPAR␣ (47). Although increased fat oxidation in the SCD-1 Ϫ/Ϫ could have an advantage in promoting decrease in body weight, the deficiency could also increase free radical species, a potential sequelae of increased oxidative metabolism. The generation of free radicals in these mice is currently being studied.
If SCD-1 is blocked, cells may no longer generate normal levels of monounsaturated fats, which are required for normal synthesis of VLDL and TG (Fig. 5) . If that happens, saturated fatty acids might build up. Scientists reported in the 1970s that fatty acids inhibit acetyl-CoA carboxylase-1 and -2 (ACC1 and ACC2, respectively), which produce malonyl-CoA. Such a buildup of saturated fatty acids might act to decrease malonylCoA levels and stimulate fatty acid import into mitochondria and in turn the burning of fat. Malonyl-CoA is known to inhibit the catabolism of fats, and one possibility is that somehow SCD-1 controls malonyl-CoA levels. In this mechanism the saturated fatty acyl-CoAs would allosterically inhibit ACC, thus reducing cellular levels of malonyl-CoA (52, 53) . Malonyl-CoA is required for fatty acid biosynthesis and also inhibits the mitochondrial CPT shuttle system, the rate-limiting step in the import and oxidation of fatty acids in mitochondria (54, 55) . Thus, reduced levels of SCD-1 would lead to a decrease in the cellular levels of malonyl-CoA and derepress fatty acid oxidation. The findings in the SCD-1 Ϫ/Ϫ mice are therefore similar to those observed in mice lacking ACC2, which also have increased fatty acid oxidation in skeletal muscle and possess a lean phenotype (56) .
Other mechanisms that could account for the increased energy expenditure in the SCD-1-deficient mice have been reported. For instance, SCD-1 deficiency has been shown to be associated with increased activity of AMP-activated protein kinase, an enzyme that stimulates fatty acid oxidation following leptin administration. (57) . Another possibility is that a deficiency in SCD-1 would alter phospholipid composition, thereby impacting on membrane properties or signal transduction. SCD-1 deficiency could also be associated with direct or indirect effects on uncoupling proteins that are involved in thermogenesis. Finally, the fur and lipid abnormalities associated with defects in SCD-1-deficient mice could be associated with increased energy dissipation.
Role of SCD-1 in Regulation of Carbohydrate Metabolism
Reduced adipose tissue mass could elicit either insulin resistance or insulin sensitivity, as demonstrated in several animal models. Fasting insulin levels are lower in the male SCD-1 Ϫ/Ϫ mice on chow diet compared with the wild-type mice. On a high-fat diet, insulin levels are similar between the two groups. Fasting glucose levels were similar between the SCD-1 Ϫ/Ϫ and wild-type mice. However, after a 30-min glucose load, both male and female SCD-1 Ϫ/Ϫ mice tend to have lower fasting plasma glucose levels and show improved glucose tolerance compared with wild-type mice. In addition, the glucose-lowering effect of insulin is greater in the SCD-1 Ϫ/Ϫ mice than in wild-type mice. Recently, it was demonstrated that loss of SCD-1 function in mice leads to increased basal state tyrosine phosphorylation of insulin receptor (IR), insulin receptor substrate (IRS)-1, and IRS-2 in muscle (50) . There are several mechanisms by which SCD-1 deficiency could lead to increased basal tyrosine autophosphorylation of the IR despite lower levels of plasma insulin in the SCD-1 Ϫ/Ϫ mice. The mechanism that is consistent with the current results is that loss of SCD-1 function resulted in the downregulation of the expression of the protein-tyrosine phosphatase (PTP), an enzyme that catalyzes the rapid dephosphorylation of the IR and IRS-1 (50) . The downregulation of the PTP-1B expression and activity is responsible for the sustained IR autophosphorylation despite reduced levels of plasma insulin in the SCD-1 Ϫ/Ϫ mice. Insulin-mediated glucose uptake was also higher in the soleus muscle from SCD-1 Ϫ/Ϫ , suggesting that the insulin receptor is more responsive to insulin in the SCD-1 Ϫ/Ϫ than in SCD-1 ϩ/ϩ mice. Consistent with these observations, PTP-1B knockout mice exhibit increased tyrosine phosphorylation of the IR and IRS-1 in muscle (50) . The PTP-1B Ϫ/Ϫ mice also show increased insulin sensitivity and are also resistant to diet-induced obesity. Thus, the phenotypes exhibited by the PTP-1B Ϫ/Ϫ mice in many ways are similar to those of the SCD-1 Ϫ/Ϫ mice (50). It is not known at present whether PTP-1B is a downstream target of SCD-1 expression or whether the decrease observed in expression is a secondary consequence of altered lipid homeostasis (e.g., due to changes in intracellular lipid levels) as a result of SCD-1 deficiency. Thus, SCD-1 Ϫ/Ϫ mice have increased insulin sensitivity despite their apparent lipodystrophy. The other possible mechanism that could lead to increased insulin signaling is that an alteration in the properties of the cell membrane, which is composed largely of lipid, activates the IR. Oleate is the major MUFA found in membrane phospholipids, and the ratio of saturated to monounsaturated fatty acids has been implicated in alteration of membrane fluidity (45) . It is proposed that the decrease in the MUFA content of the membrane phospholipids in the SCD-1 Ϫ/Ϫ mice is compensated by polyunsaturated fatty acids, causing a greater increase in membrane fluidity due to the presence of more double bonds in the fatty acyl chain. Recent data show that the degree of insulin resistance in rodents and humans is inversely correlated to the amount of polyunsaturated fatty acids within skeletal muscle phospholipid (45) . The increased membrane fluidity would enhance insulin receptor aggregation, thus increasing its phosphorylation upon insulin binding. However, more studies will be required to demonstrate a direct correlation between insulin sensitivity and membrane fluidity.
The series of protein phosphorylations on the signaling molecules downstream of the IR culminates in the uptake of glucose into cells by the glucose transporter GLUT4. The mechanism by which GLUT4-containing vesicles become activated and dock at the plasma membrane remains a controversial issue. However, Akt/PKB activated by phosphatidylinositol (PI) 3-kinase phosohorylation has been implicated in the process. Akt also appears to participate in the insulin-signaling pathway by phosphorylating glycogen synthase kinase-3 to promote glycogen synthesis via glycogen synthase. Increased association of PI 3-kinase with IRS-1 and IRS-2 and increased serine and threonine phosphoryla- Ϫ/Ϫ ), the inability to desaturate hepatic SFA leads to an inability to upregulate de novo lipogenesis via SREBP-1c and storage as TG. Therefore, ␤-oxidation and uncoupling (not shown) increase to decrease TG and VLDL. tion of total Akt, as well as a significant increase in both total and active forms of glycogen synthase, were found in the muscle of SCD-1 Ϫ/Ϫ mice. The glycogen content was higher in the muscle of SCD-1 Ϫ/Ϫ mice, and histological analysis of muscle tissue revealed the presence of more glycogen granules in SCD-1 Ϫ/Ϫ mice than in wild type. These results indicate that increased insulin signaling followed by increased glucose transport and increased glycogen synthesis ultimately leads to increased glycogen accumulation in the muscle of SCD-1 Ϫ/Ϫ mice. Interestingly, it was also reported that muscle glycogen phosphorylase activity was also higher in the SCD-1 Ϫ/Ϫ mice (50) . Increased glycogen phosphorylase activity would have been expected to promote glycogenolysis. However, overexpression of glycogen phosphorylase in cultured human skeletal muscle cells increased the level of glycogen synthase (2) , which suggests that the amount of glycogen synthase and phosphorylase is controlled in a reciprocal manner by glycogen levels. Thus, the increase in both glycogen synthase and phosphorylase activities would also imply that there is increased glycogen metabolism in the SCD-1 Ϫ/Ϫ mice. This observation together with our previous results showing that SCD-1 Ϫ/Ϫ mice have a higher metabolic rate and oxygen consumption in both the dark and light cycles (42) provide strong evidence that SCD plays a major role in lipid and carbohydrate metabolism.
Finally, with the use of tissue-specific deletion in mice, the contribution of hepatic SCD-1 has been assessed (32) . In this study, the physiological role of SCD-1 in liver by creating liver-specific Scd1-knockout (LKO) mice was investigated. It was found that LKO mice were protected from high-carbohydrate, but not high-fat, diet-induced adiposity and liver steatosis. Consistent with the prevention of carbohydrate-induced adiposity, LKO mice displayed a marked decrease in the rate of lipogenesis with decreased expression of SREBP-1c and carbohydrate response element-binding protein and its target genes. Liver-specific SCD-1 deficiency also caused a severe impairment of gluconeogenesis, resulting in hypoglycemia and depletion of lipogenic carbohydrate metabolites such as G6P and X5P. These results demonstrate a vital role of hepatic SCD-1 in carbohydrate-induced adiposity and lipogenesis. The studies also exemplify how SCD-1 and oleate levels may communicate with glucose to regulate hepatic gluconeoegenesis and energy homeostasis.
Conclusion
The vast majority of our understanding of SCD is derived from rodent models; however, several recent investigations have attempted to utilize the plasma desaturation index (MUFA/saturated fatty acid ratio) in humans. A recent review summarized the role of SCD-1 in human metabolic disease (51) , where there appears to be an inverse relationship between 18:1/18:0 or 16:1/16:0 and insulin sensitivity (1, 12, 44, 55, 56) . Humans express two isoforms of SCD (SCD-1 and SCD-5), yet only SCD-1 is thought to contribute to desaturation in lipogenic tissues. Finally, little is known with respect to the substrate specificity (i.e., 18:0 vs. 16:0) within various tissues, and this is of direct importance because recent investigations have established a role for adipose-derived palmitoleic acid (16:1n7) as a lipokine that regulates whole body lipid metabolism (9) .
The recent studies using the knockout mouse models have revealed the phenotypes generated as a result of SCD-1 gene deficiency. It is reported here and through recent reviews on SCD that this enzyme is critical in the biosynthesis of TG, cholesterol esters, wax esters, and ADG. It is also suggested that SCD-1 deficiency either directly or indirectly induces a signal that partitions fatty acids toward oxidation rather than synthesis. SCD-1 deficiency leads to leanness and increased metabolic rate and insulin sensitivity. SCD-1 is a component of the novel metabolic response of leptin signaling, upregulates insulin-signaling components, and affects glycogen metabolism. Therefore, SCD-1 appears to be an important metabolic control point and is emerging as a promising therapeutic target that could be used in the treatment of obesity, diabetes, and other metabolic diseases.
